We present new measurements of the ground state fine-structure line of atomic carbon at 492 GHz in a variety of nearby external galaxies, ranging from spiral to irregular, interacting and merging types. In comparison with CO(1-0) emission observed at the same spatial resolution, the CI(1-0) line intensity stays fairly comparable in the different environments, with an average value of the ratio of the line integrated areas in Kkms −1 of CI(1-0)/CO(1-0) = 0.2 ± 0.2. However, some variations can be found within galaxies, or between galaxies. Relative to CO lines (J=2-1, 3-2, 4-3), CI(1-0) is weaker in galactic nuclei, but stronger in disks, particularly outside star forming regions. Also, in NGC 891, the CI(1-0) emission follows the dust continuum emission at 1.3mm
Introduction
Due to the poor transparency of the Earth's atmosphere at submillimeter wavelengths, there are few published measurements of the ground state fine-structure lines of atomic carbon at 492 and 809 GHz in external galaxies, despite the high abundance of this species in cool interstellar gas and its importance for the overall thermal budget of molecular gas. The first detection was reported by Büttgenbach et al. (1992) in IC 342. A handful of galaxies have been detected since, including NGC 253 (Israel et al.1995 , Harrison et al. 1995 , M 82 (Schilke et al. 1993 , Stutzki et al. 1997 , M 83 (Petitpas and Wilson 1998) , M 33 (Wilson 1997) . Individual clouds have been observed in M 31 (Israel et al. 1998 ) and the LMC (Stark et al. 1997 ).
Atomic carbon can be found in all types of neutral clouds, from diffuse clouds (Jenkins & Shaya 1979) to dense molecular gas (Phillips & Huggins 1981) . In diffuse clouds, atomic carbon is a minor constituent, but the intensity ratio of the two ground state fine-structure lines is a sensitive tracer of the total gas pressure. Atomic carbon has also proven to be a good tracer of molecular gas in Galactic molecular clouds, as a linear correlation is commonly found between the strength of the CI( 3 P 1 − 3 P 0 ) line at 492 GHz and the 13 CO(2-1)
line at 220 GHz (Keene et al. 1996) . This correlation corresponds to a mean abundance of neutral carbon of ∼ 10 −5 relative to H 2 . By comparing with extinction measurements, Frerking et al. (1989) found a similar value for the abundance of atomic carbon in dense molecular clouds, where it reaches a maximum of 2.2 × 10 −5 for A V = 4 -11 mag and does not deviate from this value by more than a factor of a few for larger A V . Emission from the two ground state fine-structure lines of atomic carbon is seen by COBE throughout the Milky Way and makes a significant contribution to the gas cooling (Bennett -5 -et al. 1994) . Therefore, it is not surprising that these ubiquitous atomic carbon lines are present in the spectra of external galaxies.
From a theoretical point of view, the spatial distribution and line intensities of atomic carbon in molecular clouds are predicted by chemical models which include the effect of photodissociation induced by UV photons, the so-called PDR models (e.g. Tielens and Hollenbach 1985) . In clouds exposed to UV radiation, carbon is mostly in the form of C + to a depth Av = 1 magnitude.
Atomic carbon appears at an intermediate depth, from Av = 1 to 5 or so magnitudes, where C + is mostly recombined with electrons and not all the gas phase carbon present is yet captured into CO. The actual depth of this zone, and thus the extent and intensity of the CI emission, is a sensitive function of some important model parameters, such as the carbon and oxygen abundance in the gas phase, and the presence of Polycyclic Aromatic Hydrocarbons (see Bakes and Tielens 1998, Le Bourlot et al. 1993) . PDR models are difficult to use for quantitative results in galaxies, because they were developed to represent the structure of an individual cloud, whereas a galaxy would have to be synthesized from a suitable ensemble of PDR clouds (see e.g. Sauty et al. 1998 ). Nevertheless, their predictions provide a qualitative understanding of the variations of the line flux with physical conditions. Previous CII measurements of external galaxies have been compared successfully with such PDR models (e.g. Stacey et al. 1991) .
Although CII, CI and CO emission, in principle, arise from different physical regions in the cloud, in actual observations of Galactic clouds it is found that CI and CO emission on average seem to come from the same physical region.
This is in part due to the clumpy or fractal nature of the clouds, so that the UV causes emission from irradiated regions even deep into the cloud. The overall -6 -impression, at moderate (say 15" at 500 pc = 0.04 pc) resolution, is that the species are coexistent. This scale must be compared to the size of Galactic clouds, which may vary from a few parsecs to a few tens of parsecs. Few large scale maps of Galactic clouds have been made for all these species, but for some giant molecular clouds (Plume et al. 1994 (Plume et al. , 1999 there is a good correspondence between the CI, CII and CO maps. For external galaxies where individual clouds are barely resolved, we would then expect that the different carbon species will be observationally coexistent (when associated with molecular gas) including the ionized carbon. Therefore, at least for the point of view of beam dilution in the observations, the 3 species (CII, CI and CO) can be considered as occupying the same volume in the beam so that observed line ratios can be compared with model predictions. The ionized interstellar medium, either diffuse or in HII regions, can contribute to the global CII emission of galaxies, but for starforming regions in galaxies, PDRs contribute most of the CII emission (Madden et al. 1993 , Sauty et al. 1998 . For M 82 the contribution of HII regions is estimated to be ∼ 24% − 31% of the observed CII flux (Colbert et al. 1999 ).
The contribution of the cool diffuse regions to the atomic carbon emission will be incorporated in the PDR models. The warm diffuse gas is generally ionized and therefore barely contributes to the CI emission. Therefore, the two fine-structure lines of atomic carbon are expected to be better tracers of PDRs than is CII. The intensity ratio CI(1-0)/CO(1-0) is a function of the gas density and UV illumination factor G 0 , as shown in Figure 1 , produced with the PDR model developed by Le Bourlot et al. (1993) and Abgrall et al. (1992) . G 0 is defined relative to the average interstellar radiation field in the solar neighborhood as obtained by Mathis et al. (1983) G 0 = I U V (6-13.6 eV)/ 1.4 × 10 −4 erg cm −2 s −1 sr −1 ; n H represents the total density of hydrogen atoms.
-7 -Other ratios, CII/CI, CI/FIR and CII/FIR depend mostly on the UV illumination factor G 0 (see also Kaufman et al. 1999) . Since atomic carbon is present in a layer of the PDR with almost the same characteristics (column density, temperature) whatever the illumination, the brightness of the CI line is fairly constant for most of the parameter space studied. This means that the main factor affecting this line in external galaxies is the filling factor of the emission in the beam. By contrast, the FIR emission in a PDR is directly proportional to the UV illumination since nearly all the incident UV radiation is absorbed in the cloud. Finally, the CII and OI emission in PDRs, depend on both the UV illumination (due to the decrease of the efficiency of photoelectric heating at high illumination) and the gas density (for the collisional excitation of these lines). From the PDR models, it is expected that the CI/FIR ratio will be a useful tracer of the local UV illumination conditions.
In the following we present new observations of CI(1-0), as well as complementary data, 13 CO(2-1), 12 CO(2-1), (3-2) and (4-3), on nearby galaxies, of various morphological types. These data are used to study the correlation of CI emission with other tracers of the ISM in galaxies.
Observations
The observations were performed with the Caltech Submillimeter Observatory (CSO) during 1996 -1998, using SIS receivers operated in double-side (DSB) mode. In good atmospheric conditions (τ 225GHz ≤ 0.06), the single sideband system temperature usually ranged between 1000 and 3000 K. The observations were performed using a chopping secondary mirror, with throw set to 1 to 3 arcminutes on the sky, depending on the size of the source. The spectra were analysed with two acousto-optic spectrometers, one with a total bandwidth -8 -of 1500 MHz (of which only 900 MHz is used, due to the bandwidth limit of the receivers) and a resolution of about 2 MHz, and a second with a total bandwidth of 500 MHz and a spectral resolution of about 1. (Gerin & Phillips 1997 . The program galaxies are listed in Table 1 .
Most of the target galaxies have narrow lines which fit in a single backend spectrometer setting. For two galaxies with broad lines, Arp 220 and the center of NGC 3079, we used three different local oscillator settings to obtain a complete coverage of the lines, with central velocities at -300, 0 and +300 kms
relative to the line center. First, we used the spectra taken at velocity offsets +300 and -300 kms −1 to adjust the zero level of the baseline, with a window set by reference to published CO spectra. We then computed the baseline offset for the central spectrum, to minimize the platforming effects with the spectra taken at +300 and -300 kms −1 . The overlap region is quite large, +70 to +200 kms
at positive velocities for Arp 220 for example. The data and interpretation for Arp 220 have been reported elsewhere (Gerin & Phillips 1998) .
Results
CI(1-0) was detected in all the program galaxies. Figure 2 presents a selection of CSO spectra. The measured parameters are listed in Table 2, together with complementary data found in the literature. Linear baselines have been fitted with the original spectral resolution (∼ 1.5 MHz = 0.8 kms −1 ).
Depending on the expected line width, the spectra have then been rebinned to -9 -5 -15 kms −1 resolution to increase the S/N ratio. For galaxies with broad lines and not too many channels beyond the line, we chose the line window according to published CO spectra. The uncertainty in the line flux due to the uncertainty in the position of the baseline is included in the total uncertainty listed in Table   2 . Figure 3 shows the integrated intensity ratio CI(1-0)/CO(1-0) in T mb as a function of the CO(1-0) integrated intensity in Kkms −1 . This ratio has a mean value of 0.2 ± 0.2, with a large dispersion, since the observed ratios range from ∼ 0.04 to ∼1. To get the emissivity ratio, the observed intensity ratio in T mb must be multiplied by 78, the cube of the ratio of the line frequencies. The mean emissivity ratio is therefore 16, with observed values ranging from 3 to 80. In this figure the CO(1-0) data are taken from the literature, as listed in Table 2 .
We also included any already published CI data. We used mostly the CO data taken with the IRAM 30m telescope in order to match the CI beam size at the CSO as closely as possible. The CO(1-0) data taken with other telescopes have been scaled to the 22" beam of the IRAM 30m telescope at 2.6 mm.
Despite the large scatter in the CI/CO ratio, there is no apparent segregation between the different galaxy types. Viewed at large scale (the 15" CSO beam represents a linear scale of 730 pc at a distance of 10 Mpc), there are no clear differences between normal spirals, merger galaxies and even low metallicity galaxies, except maybe two regions in M 33. However, there are local differences within galaxies, which we examine in the following subsection. Because 13 CO emission is low in active galaxies (e.g. Taniguchi and Ohyama 1998), we compare CI(1-0) with 13 CO(2-1) in section 3.2. We then discuss the respective contributions of atomic carbon and carbon monoxide to the gas cooling in galaxies, and finally we compare the CI(1-0) emission of nearby galaxies with the CII and FIR emission at the same angular resolution.
-10 -
Disk galaxies
We have mapped the north-east half of the major axis of the edge-on galaxy NGC 891, made a cut through the disk of NGC 6946, and observed points in the nucleus and in the disk of several other galaxies. We investigate the difference between galaxy nuclei and the disks, and between active regions in spiral arms and the general interstellar medium.
As a point of reference, we examine in Figure 4 the distribution of CI and CO lines in the Milky Way Galaxy, as observed by FIRAS on board COBE (Bennett et al. 1994) . It is clear that for the Milky Way, CI(1-0) decreases less rapidly than the CO lines with Galactic radius, moving out along the Galactic plane.
The decrease is steeper for CO(4-3) than for CO(2-1). Also, neutral carbon is more excited in the nucleus, as seen by the higher CI(2-1)/(1-0) emissivity ratio NGC 891, we can compare CI(1-0) with both CO(1-0) and the dust continuum emission at 1.3mm from Guélin et al. (1993) . Whereas the CI/dust continuum ratio stays constant throughout the disk, the CO/dust continuum increases, and the CI/CO decreases in the nucleus. Nuclear gas is usually denser and warmer -11 -than the bulk of the interstellar gas in galactic disks, resulting in a higher excitation temperature for carbon monoxide in the nucleus. This difference in excitation has some consequences for the use of 12 CO(1-0) as a tracer of molecular gas since the mass of molecular gas deduced from 12 CO(1-0) data will be overestimated in galaxy nuclei. This has been shown for the Galactic Center by Sodroski et al. (1995) .
For NGC 6946, the CI(1-0)/CO(2-1) ratio increases just outside the nucleus, in an interarm region, and decreases again when reaching a star forming region near the position (0,+140"). For other galaxies also : M 33 (Wilson 1997) , IC 10 (this work), a similar difference is found between clouds close to HII regions and clouds more distant from star forming complexes. CI(1-0) appears to be a tracer of the general interstellar medium, not strongly biased toward the densest and warmest places.
Comparison with 13 CO(2-1)
In the Milky Way, a remarkable linear correlation between CI(1-0) and 13 CO(2-1) intensities has been found in most of the clouds mapped (Keene et al. 1996) . This correlation can be understood in the sense that both atomic carbon and 13 CO are good tracers of the molecular gas given the permeability of the clouds to the UV radiation : the two lines have similar (moderate) opacities and are close to LTE for most of the physical conditions encountered in local molecular clouds. However, compared to maps of individual molecular clouds in the Milky Way, larger linear scales are sampled in external galaxies where the relation between CI and 13 CO has not yet been studied. It is well known that 13 CO lines are especially weak relative to 12 CO in some interacting and merging galaxies , Taniguchi and Ohyama 1998 ).
-12 -We have therefore looked at possible variations of the CI/ 13 CO(2-1) ratio as a function of the 13 CO(2-1) intensity. The data are displayed in Figure 7 , with the same symbols as in Figure 3 . We used 13 CO(2-1) data from the literature as listed previously, or took new CSO data when needed.
This plot shows a trend of decreasing CI/ 13 CO(2-1) ratio with the 13 CO intensity, with a few exceptions : M 33, the nucleus of Centaurus A and NGC 253. The trend is particularly clear for the disk of NGC 891 (black triangles in Fig. 7 ). Such a trend has been observed towards well known PDRs (Tauber et al. 1995 , White & Sandell 1995 , Minchin & White 1995 . It can be understood as revealing a smooth variation of the abundance ratio N(C)/N(CO) with the total gas column density. Indeed, chemical models predict a decrease of the N(C)/N(CO) column density ratio with increasing H 2 column density in the range 0.1 − 5 × 10 21 cm −2 , valid for translucent clouds (Stark et al. 1996) .
If translucent gas represents a fair fraction of the molecular gas in external galaxies, atomic carbon lines will trace preferentially these physical conditions.
As mentioned in the Introduction, from our knowledge of interstellar clouds in the Milky Way, it is expected that a significant fraction of the molecular gas is exposed to UV radiation. This seems to be the case in external galaxies as well since the CI(1-0) line at 492 GHz shows up at a detectable level in all types of galaxies, and does not show any peculiar behavior with the morphological type. Furthermore, in NGC 891, CI emission closely follows the dust continuum emission, which is also believed to be a reliable gas tracer in spiral galaxies.
We conclude that CI(1-0) can be used as a tracer of low to moderate density molecular gas in external galaxies. It is possible that CI avoids the regions with high density, which represent a small fraction of the total gas mass of galaxies.
-13 -4. Gas cooling in galaxies 4.1. C and CO cooling
We have estimated the total cooling due to the observed lines of atomic carbon, CI(1-0), and carbon monoxide, CO(1-0) -(2-1) -(3-2) and in some cases (4-3). The data are reported in Table 3 . It turns out that a significant fraction of the cooling is due to the CO(3-2) and (4-3) lines, so we report only a lower limit for CO cooling in galaxies with no CO(3-2) or (4-3) data. In order to estimate the total cooling due to all carbon and CO lines, we need to correct for the missing lines : CI(2-1) at 809 GHz, and CO(5-4), (6-5),... As templates, we used well studied cases, either the COBE data towards the Galactic Center or data on M 82 and IC 342 (Güsten et al. 1993) . The correction for missing lines amounts, on average, to approximatively a factor 2 for carbon and a factor 4 for CO when no CO(4-3) and higher J data are available, or 2 when no CO(6-5) and higher J are available. Israel et al. (1995) conclude that the contributions of CO and atomic carbon to the total cooling are similar for NGC 253. We show that this conclusion holds for all the galaxies in this sample. The contribution of CO and atomic carbon to the total cooling represent a small fraction of the total gas cooling, which is still dominated by CII, and possibly OI. Typically, the gas cooling due to atomic carbon or CO amounts to 10 −5 of the FIR dust continuum, while the gas cooling due to CII and OI amounts to 10 −4 -10 −2 of the FIR dust continuum.
Comparison with CII and FIR
We show in Figure 8 , Stacey et al. 1991 , Smith and Harvey 1996 or with the Infrared Space Observatory (ISO) (Luhman et al. 1998 ) with the formula :
, where F 60 and F 100 are the fluxes at 60 and 100 µm in Janskys. Since the CII and FIR data have been taken at a lower spatial resolution than the CI data, we have smoothed or extrapolated the CI(1-0) data to a 55" beam, the spatial resolution of the CII and FIR data. For nearby spiral galaxies (NGC 891, NGC 6946), the data correspond to the central 55". The CII/CI(1-0) ratio shows a remarkable decreasing trend with increasing CI(1-0)/FIR ratio, except for the two ultraluminous infrared galaxies, Arp 220 and Mrk 231. The line to continuum ratio CII/FIR is also well correlated with CI(1-0)/FIR (Fig. 8 ) for all the studied galaxies, with the exceptions of Arp 220 and Mrk 231 which again lie significantly lower than the PDR model predictions.
These two plots can be understood as showing variations of the mean UV radiation field in the galaxy sample : for moderate UV illumination (G 0 = 10 -100), the gas heating due to the photoelectric effect on grains reaches maximum efficiency (Kaufman et al. 1999) , so that the line to continuum ratios CI(1-0)/FIR and CII/FIR reach their maximum values. When the UV radiation field increases, the gas heating is less efficient, while the dust heating stays at the same level per UV photon. In that case, the far infrared radiation scales linearly with G 0 , while the CII emission scales only logarithmically, and the -15 -CI(1-0) emission stays nearly at the same level. The ratio CI(1-0)/FIR and CII/FIR are thus expected to decrease as G 0 increases, and can be used to get estimates of the intensity of the radiation field in starburst galaxies. Because CI(1-0) is less sensitive than CII to G 0 and the gas density n H , a variation of the line ratio CII/CI(1-0) is predicted by PDR models (cf Figure 1) , which explains the trends seen in Figure 8 .
Most of the studied galaxies lie in the parameter space, G 0 = 10 2 to 10 3 , n = 10 2 to 10 5 , as expected for molecular clouds in central regions of nearby galaxies. In M 82, a nearby starburst galaxy, the radiation field is more intense and reaches ∼ 10 3 in good agreement with the estimate given by Kaufman et al. (1999) . The two merger galaxies, Arp 220 and Mrk 231 lie at the bottom left of the CII/FIR versus CI(1-0)/FIR plot, where both the radiation field and the gas density are high. For these extremely bright sources, the emission of individual PDR clouds can not be simply added as in nearby spiral galaxies and the opacity of the CII and OI lines (and possibly also the opacity of the dust thermal emission) must be taken into account as discussed in Gerin and Phillips (1998) and Luhman et al. (1998) .
Because most of the PDR CII and CI(1-0) emission arises from the surface of molecular clouds, the filling factors of the CII, CI and FIR emission are expected to be similar for starburst galaxies. Furthermore, since CI(1-0) is less likely than CII to be contaminated by other emission sources (HII regions, WIM etc.), the CI(1-0)/FIR ratio is a better measure of G 0 than the CII/FIR ratio.
For star forming galaxies, where the dust heating is dominated by the radiation of massive stars, the line to continuum ratio CI(1-0)/FIR can thus be used to measure the strength of the UV radiation field. This conclusion is valid for spiral galaxies with the same metallicity as the Milky Way. In low metallicity galaxies, -16 -the line and continuum emission do not scale the same way with metallicity and specific models must be used (Lequeux et al. 1994 , Pak et al. 1998 .
Conclusions
We have shown that the ground state fine-structure line of neutral carbon can be detected in a variety of external galaxies with current instrumentation.
CI(1-0) data can be used in addition to other measurements to give information on the gas column density, the thermal balance and the UV illumination conditions in external galaxies. The results will be useful as templates for distant galaxies, when detectable with advanced instrumentation.
In nearby galaxies, atomic carbon is weaker relative to CO in the nucleus, but more widely distributed in the disk. This has important consequences for the thermal balance of the molecular interstellar medium. As a whole, the contribution of C and CO to the gas cooling are of the same order of magnitude : 2 × 10 −5 of the FIR continuum or 5% of the CII line. C and CO cooling becomes significant, reaching ∼ 30% of the gas total, in merger galaxies like Arp 220 where CII is abnormally faint. This conclusion rests on the current data where only the ground state line of atomic carbon has been observed. Data on the second fine-structure line of atomic carbon at 809 GHz and on other CO lines are needed to obtain a better measurement of the gas cooling in galactic disks and nuclei.
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